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Abstract. The determination of the inflationary energy scale represents one of the first step
towards the understanding of the early Universe physics. The (very mild) non-Gaussian sig-
nals that arise from any inflation model carry information about the energy scale of inflation
and may leave an imprint in some cosmological observables, for instance on the clustering
of high-redshift, rare and massive collapsed structures. In particular, the graviton exchange
contribution due to interactions between scalar and tensor fluctuations leaves a specific sig-
nature in the four-point function of curvature perturbations, thus on clustering properties
of collapsed structures. We compute the contribution of graviton exchange on two- and
three-point function of halos, showing that at large scales k ∼ 10−3 Mpc−1 its magnitude
is comparable or larger to that of other primordial non-Gaussian signals discussed in the
literature. This provides a potential route to probe the existence of tensor fluctuations which
is alternative and highly complementary to B-mode polarisation measurements of the cosmic
microwave background radiation.
We dedicate this paper to the memory of our friend and colleague Bepi Tormen who did
pioneering work in the understanding of the abundance and clustering of dark matter halos.
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1 Introduction
The inflationary paradigm has passed four major tests: there are super-horizon perturbations,
as shown for the first time in Ref. [1]; the power spectrum of these fluctuations is nearly scale
invariant [2] but deviates by a small amount from it, as first shown compellingly in Ref. [3, 4];
the Universe is essentially spatially flat [3, 5–7] and appears homogeneous and isotropic on
large scales [8–10]; initial conditions are very nearly Gaussian [1, 11–14].
The fact that the inflationary paradigm has passed these tests does not mean it has
been verified. Indeed, alternative models exist that also pass the above tests [15, 16]. What
is unique of the inflationary paradigm is the existence of an accelerated expansion phase that
results in a (quasi) exponential growth of the scale-factor of the metric. This, in turn, facili-
tates that tensor fluctuations in the metric will manifest themselves as potentially observable
gravitational waves [17]. This crucial feature of inflation has not yet been measured. Obvi-
ously, measuring it would be momentous as it would open up a window into inflation and
the early Universe physics not explored before, and would offer the possibility to understand
physical mechanisms at play at the energy scale of inflation.
In the simplest inflationary models the amplitude of tensor modes (usually parametrised
by the parameter r, the tensor-to-scalar ratio at a given scale) can be related to the energy
scale of inflation, given by the inflaton potential V , by
V 1/4 =
(
3
2
pi2rPζ
)1/4
MP ∼ 3.3× 1016 r1/4 GeV, (1.1)
where Pζ is the power spectrum1 of curvature perturbations on uniform energy density hy-
persurfaces ζ and MP =
√
~c/(8piG) is the reduced Planck mass. The firm lower limit on
1Here we refer to the almost scale-invariant power spectrum
Pζ = k
3
2pi2
Pζ =
1
2M2P 
(
H?
2pi
)2 (
k
aH?
)ns−1
,
determined by the Hubble expansion rate during inflation H? and the slow-roll parameter  =
M2P
2
(
∂ϕV
V
)2
,
where ∂ϕ represents the partial derivative with respect to the inflaton field. Past experiments have already
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the energy scale of inflation is around the MeV scale, to guarantee hydrogen and helium
production during Big Bang Nucleosynthesis [18–21].
An inflationary stochastic background of gravitational waves could in principle be mea-
sured directly via future(istic) gravitational wave detection experiments as LISA [22] (see
also [23–25]), DECIGO [26] or BBO [27], or indirectly via its effect on the polarization of
the cosmic microwave background radiation (CMB, see e.g., Ref. [28, 29]). The current ob-
servational limit on the tensor-to-scalar ratio is r . 0.1 [6, 7]. Proposed experiments, as
CMBPol [30], PRISM [31] and CORE [32], can reach the 10−3 level, however it is well known
that measuring r < 10−4 via CMB polarisation is extremely challenging (see e.g., Ref. [33])
and the cosmic variance limit is at the 10−5 level [34]. This implies that the measurement of
the CMB polarisation signal can only access inflationary energy scales above 1015 GeV, only
less than an order of magnitude away from the current limit.
A third way one could use to determine the scale of inflation is by probing primordial
non-Gaussianities using the information contained in the large-scale structure of the Universe.
During the next decade, several galaxy surveys, as DESI [35], LSST [36] and Euclid [37], will
probe a large volume of our Universe, providing an unprecedented amount of new data. In this
context, measuring higher-order statistics, such as the three- or the four-point functions, will
extend our knowledge on the inflationary dynamics, which in turn can be used to discriminate
between minimal, slow-roll inflationary paradigm and more complex models. On the other
hand the specific details of these higher-order statistics can be highly model dependent,
therefore the interpretation of the results can be not so straightforward. The non-Gaussian
signature arising from particle exchange between scalar fluctuations has recently received
attention [38, 39]. In this work we concentrate on a particular non-Gaussian signal called
graviton exchange (GE) [40]. This signal arises from correlations between inflaton fluctuations
mediated by a graviton and enters in the four-point function of scalar curvature perturbations.
The magnitude of this non-Gaussian effect is directly proportional to the tensor-to-scalar ratio
r, therefore by isolating this contribution we can extract a direct information (or a stronger
upper bound) on the energy scale of inflation. Moreover, this GE contribution contains much
more information about inflationary dynamics, in particular on whether inflation is a strong
isotropic attractor, as discussed in Ref. [41].
The paper is organised as follows: in section 2 we review the main results on non-
Gaussianities relevant for this work, in section 3 we review the framework of excursion re-
gions and halo n-points functions and in section 4 we investigate the magnitude of graviton
exchange contribution in large scale structure, in particular to the halo power spectrum 4.1
and to the halo bispectrum 4.2. Finally we conclude in section 5. In section A we discuss
bispetrum templates. In this work we use the MP = 1 convention.
2 Non-Gaussianity
Primordial fluctuations have been found to be consistent with being Gaussian to a very
stringent level [13, 14], however some small deviations from Gaussianity are unavoidable,
even in the simplest models, due to the coupling of the inflaton to gravity [42–46]. The
information on how these deviations are created is encoded in the connected part of n-point
correlators 〈ζk1 · · · ζkn〉 (with n ≥ 2), where ζ is the curvature perturbation (on uniform en-
ergy density hypersurfaces), which is conserved on super-horizon scales for single-field models
measured with great precision the scalar power spectrum amplitude 2pi2As =
H2?
4M2
P
and the scalar tilt ns. In
this work we use As = 2.105 · 10−9 and ns = 0.9665 [7].
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of inflation. Since curvature perturbations are small (typically ζ ∼ O(10−5) at cosmologi-
cal scales), it is naively believed that the (n + 1)-point function is just a small correction
to the n-point function, however this statement does not take into account the numerous
possible mechanisms that can generate a non-Gaussian signal. Moreover, existing small
non-Gaussianities can be boosted in the clustering of high density regions that underwent
gravitational collapse, as the peaks of the matter density field, that today host virialized
structures.
Since the goal of this work is to provide a new way to constrain the energy scale of in-
flation, we want to identify some non-Gaussian signal whose strength is directly proportional
to the tensor-to-scalar ratio r. In particular, in this work we consider the GE contribution to
the four-point function and its contribution to the two- and three-point correlation function
of collapsed structures. This signal is contaminated by other non-Gaussian signals, such as
those coming from the primordial three-point function, which has not been measured yet. For
this reason we consider different scenarios, to cover as many inflationary single-field models
as possible.
The curvature perturbation ζ, generated by scalar field(s) during inflation, can be con-
nected to the scalar field(s) fluctuation δϕ on an initial spatially-flat hypersurface. The com-
putation of higher-order correlators can be performed using the so-called in-in or Schwinger-
Keldysh formalism [47–50], which allows to follow the evolution of the correlators from sub-
to super-horizon scales. One can also use other methods, such as second- and higher-order
perturbation theory [45, 51], or using the so-called δN formalism [42, 52–56]. The latter
is equivalent to integrating the evolution of the curvature perturbation on super-horizon
scales from horizon exit until some later time after inflation. The correlators of the scalar
field(s) fluctuation δϕ at horizon-crossing can then be calculated in an expanding or curved
background spacetime using the in-in method. Numerous results have been obtained in
this context using these well-established formalisms, both at the level of the bispectrum in
single- [42, 43, 45, 46, 57] and multi-field inflation, see, e.g., [58–61], and at the level of the
trispectrum in single- and multi-fields inflationary scenarios [62–64]. In this work we consider
for simplicity single-field slow-roll inflationary models.
When considering the three-point function, we commonly express it in terms of the
bispectrum as
〈ζk1ζk2ζk3〉 = (2pi)3δD (k123)Bζ(k1,k2,k3), (2.1)
where δD is the Dirac delta, kij...n = ki + kj + · · ·+ kn and the details and the assumptions
on the inflationary dynamics are encoded in the Bζ function. For completeness, following
Ref. [63], we also report the curvature bispectrum:
Bζ(k1,k2,k3) = (∂ϕN)
3Bδϕ(k1,k2,k3) + (∂
2
ϕN) (∂ϕN)
2 [Pδϕ(k1)Pδϕ(k2) + (2 perms.)] ,
(2.2)
where Pδϕ and Bδϕ are the scalar field fluctuation power spectrum and bispectrum, N is the
number of e-foldings, ∂nϕN ∼ O((n−2)/2) is the n-th derivative of the number of e-folding
with respect to the scalar field and it scales with the slow-roll parameter  = 12 (∂ϕV/V )
2
as indicated. In particular, it has been calculated by Maldacena [46] that in the simplest
single-field slow-roll inflationary scenario, at leading order in the slow-roll parameters, the
– 3 –
bispectrum reads as
BMaldacenaζ (k1,k2,k3) =
1
2
(
H2?
4
)2 ∑ k3j∏
k3j
(1− ns) + 
∑i 6=j kik2j + 8∑i>j k2i k2jkt∑
k3j
− 3

(2.3)
where kt =
∑3
j=1 kj . The term in squared parenthesis, as expected [65], has a shape-
dependent part explicitly suppressed by the slow-roll parameter . In the limit of one momen-
tum going to zero (squeezed triangular configurations) the term in round parenthesis goes
to zero and the whole bispectrum is proportional to (1− ns), while in equilateral triangular
configurations the same term is maximal and equal to 5/3. Typically the entire squared
parenthesis is written in terms of a f ζNL constant parameter (modulus some proportionality
constant), to compare data with theory in a simpler way2. Notice that non-Gaussianities
of this type include also a prominent local contribution (the one proportional to (1 − ns))
associated in real space to the well-known quadratic local model [43, 66, 67]
ζ = ζG +
3
5
f ζNL
[
ζ2G −
〈
ζ2G
〉]
, (2.4)
where ζG is a Gaussian curvature perturbation.
There is a current debate in the literature about whether the (1 − ns) term in equa-
tion (2.3) represents the minimum amount of non-Gaussianities that can be observed in the
squeezed limit. While some authors argue that it is indeed an intrinsic property of the infla-
ton that gets imprinted in the dark matter density field [68], others argue that it is simply a
gauge quantity that will only manifest itself on higher-order terms with a suppressed value
of f ζNL ∝
(
kL
kS
)2
(1 − ns), where kL and kS are a long and a short mode, respectively (see
e.g., Ref. [69] and Refs. therein). We point out that it is still an open question which one
is the truly gauge invariant quantity in which the calculation can be performed. It should
describe the perturbations behaviour on super-horizon scales and connect the fluctuations in
early and late Universe to be used to model the corresponding observables. We also refer the
interested reader to Ref. [70], where a third view on the subject has been presented.
On the other hand, in this work we are mainly interested in the four-point function or
trispectrum, in particular its connected part (the disconnected part is always present even
in the purely Gaussian case). The complete form of the curvature perturbation trispectrum
in single-field inflation, up to second order in slow-roll parameters, reads as [63]
Tζ(k1,k2,k3,k4) = (∂ϕN)
4Tδϕ(k1,k2,k3,k4)
+ (∂2ϕN)(∂ϕN)
3 [Pδϕ(k1)Bδϕ(k12, k3, k4) + (11 perms)]
+ (∂2ϕN)
2(∂ϕN)
2 [Pδϕ(k13)Pδϕ(k3)Pδϕ(k4) + (11 perms)]
+ (∂3ϕN)(∂ϕN)
3 [Pδϕ(k2)Pδϕ(k3)Pδϕ(k4) + (3 perms)] ,
(2.5)
2Notice that in the literature there are a series of equivalent, but slightly different parameters. If we would
have written the correlators in term of the curvature perturbations on comoving hypersurfaces R we would
have worked with fRNL, while if we have used with the Bardeen’s gauge invariant potential Φ, corresponding
to the gravitational potential on subhorizon scales, therefore more suitable to work in relation to late times
large scale structures, we would have found some constant fΦNL. Since the three perturbations mentioned
above are connected to each other at superhorizon scales by Φ = 3(1+w)
5+3w
R = − 3(1+w)
5+3w
ζ, the parameters are
also connected to each other by fΦNL = f
R
NL = −fζNL, for perturbations entering the horizon during matter
domination (if ones uses Φ = ΦG + f
Φ
NL
[
Φ2G −
〈
Φ2G
〉]
).
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where Tδϕ is the scalar field fluctuation trispectrum. By using the linear relation ζ ∝ −1/2δϕ
we notice that the third and fourth lines of the RHS of equation (2.5) are order 2 while the
order of the first and second line remains to be determine through an explicit computation.
The last two lines have also the typical scale dependence coming from the cubic local model
in real space:
ζ = ζG +
1
2
(
τ ζNL
)1/2 [
ζ2G −
〈
ζ2G
〉]
+
9
25
gζNL
[
ζ3G − 3ζG
〈
ζ2G
〉]
, (2.6)
where we have introduced two non-linearity parameters τ ζNL and g
ζ
NL that generate the third
and fourth line of equation (2.5), respectively. These two parameters are expected to be of
second order in slow-roll parameters. Finally, notice that only in single-field inflation there
is a one-to-one correspondence between f ζNL and τ
ζ
NL.
In Ref. [62] it was demonstrated that the scalar field and the metric remain coupled even
in an exact de Sitter space, therefore curvature fluctuations are unavoidably non-Gaussian
and there is always a connected four-point function, while naively one would have expected
it to be zero. This four-point function is associated to so-called contact interactions, that in
terms of Feynman diagrams are associated to a diagram with four scalar external legs. The
strength of contact interactions has been roughly estimated to be order  [62], disfavouring
the possibility of a detection, however, in successive works [40, 64] it has been noticed that
nonlinear interactions mediated by tensor fluctuations should also be accounted for, in par-
ticular the amplitude of the trispectrum generated by the GE is in general comparable to
that generated by contact interactions. More details on the GE contribution can be found
in section 4.
3 Dark Matter Halos
Even if some level of non-Gaussianity is imprinted in the primordial field ζ, the most relevant
quantity for observations is the late-time (smoothed) matter density field. In particular, the
effect of non-Gaussianity is enhanced on higher-order correlations of excursion regions which
are traced by potentially observable objects such as dark matter halos (or the galaxies these
halos host). We define the smoothed linear overdensity field as
δR(x) =
∫
d3yWR(x− y)δ(y), (3.1)
where WR is a window function of characteristic radius R and δ is the linear overdensity
field. We identify regions corresponding to collapsed objects as those where the smoothed
density field exceeds a suitable threshold, namely when
δR(x) > δc(zf ) =
∆c(zf )
D(zf )
, (3.2)
where zf is the formation redshift of the dark matter halo and we assume that it is very
similar to the observed redshift (zf ' zo = z), δc(z) is the collapse threshold, ∆c(z) is the
linearly extrapolated overdensity for spherical collapse (1.686 in the Einstein-de Sitter and
slightly redshift-dependent for more general cosmologies) and D(z) the linear growth factor.
The Fourier transform of the (smoothed) linear overdensity field is related to the Bardeen
potential Φ and to the curvature perturbation ζ via the Poisson equation
δR(k, z) =
2
3
T (k)k2D(z)
H20Ωm0
WR(k)Φ(k) = −2
5
T (k)k2D(z)
H20Ωm0
WR(k)ζ(k) ≡MR(k, z)ζ(k), (3.3)
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where H0 is today’s Hubble expansion rate, Ωm0 is the present day matter density fraction,
T (k) is the matter transfer function3 and WR(k) is the Fourier transform of the window
function in real space WR(r)
4. The linear growth factor D(z) depends on the background
cosmology and reads as D(z) = (1 + z)−1g(z)/g(0), where g(z) is the growth suppression
factor for non Einstein-de Sitter universes.
The two-point function of the smoothed matter field reads as〈
δR(k, z)δR(k
′, z)
〉
= (2pi)3δD(k+ k′)PR(k, z), (3.4)
where PR(k, z) = M2R(k, z)Pζ(k) is the smoothed matter field power spectrum and it is
the Fourier transform of the two-point correlation function of the smoothed overdensity
field ξR(r, z). Finally, we define the variance of the underlying smoothed overdensity field as
ξR(0, z) = σ
2
R(z) =
∫
d3k
(2pi)3
PR(k, z). (3.5)
For Gaussian or slightly non-Gaussian fields, virtually all regions above a high threshold
are peaks and therefore will eventually host virialized structures (i.e., massive dark matter
halos). Non-Gaussianities change the clustering properties of halos. For regions above a
high threshold (and therefore to an extremely good approximation for massive halos), the
two-point correlation function reads [73–75]
ξhalo(r) = exp
 ∞∑
N=2
N−1∑
j=1
νNσ−NR
j!(N − j)!ξ
(N)
R (x1, ...,x1︸ ︷︷ ︸
j times
, x2, ...,x2︸ ︷︷ ︸
(N−j) times
)
− 1, (3.6)
where r = x1−x2, ν(z,M) = ∆c(z)/σR(z) is the dimensionless peak height, ξ(N)R = 〈δR · · · δR︸ ︷︷ ︸
N times
〉
are the N -point connected correlation functions and ξ
(2)
R ≡ ξR. The generalization of equa-
tion (3.6) to the three-point correlation function is [74]
Ξhalo(x1,x2,x3) = F (x1,x2,x3)
∏
i<j
ξhalo(xi,xj) + [ξhalo(x1,x2)ξhalo(x2,x3) + (2 perms.)]

+ [F (x1,x2,x3)− 1]
∑
i<j
ξhalo(xi,xj) + 1
 ,
(3.7)
3In this work we use for the transfer function the analytical estimation provided in Ref. [71], after check-
ing that it does not differ more than 10% at large k from the transfer function obtained from Boltzmann
codes as CLASS [72]. To compute the transfer function we use the cosmological parameters ωb = 0.02242,
ωcdm = 0.11933 and h = 0.6766 [7].
4In this work we use a top-hat filter of radius R, of enclosed mass (possibly corresponding to a collapsed
object at late times) given by
M =
3H20 Ωm0
8piG
× 4
3
piR3.
In the rest of this work we use R = 1.824 Mpc, corresponding to Mhalo = 10
12 M dark matter halos. At
redshift z = 0 these halos cannot be considered very massive, however, as we explain in the following section,
our goal is to use the information coming from the high redshift Universe, where e.g., Mhalo = 10
14 M dark
matter halos (corresponding to R = 8.45 Mpc) are not common. Nevertheless we explicitly checked that at
large scales the choice of a different smoothing radius does not change significantly the results.
– 6 –
where
F (x1,x2,x3) = exp
 ∞∑
N=3
N−2∑
j=1
N−j−1∑
k=1
νNσ−NR
j!k!(N − j − k)!ξ
(N)
R (x1, ...,x1︸ ︷︷ ︸
j times
,x2, ...,x2︸ ︷︷ ︸
k times
, x3, ..., x3︸ ︷︷ ︸
(N−j−k) times
)
 .
(3.8)
Here we notice that the N -th order term scales with redshift as D(z)−N , hence going to
high redshift we observe enhanced non-Gaussian features with respect to redshift z = 0. In
fact, from our definitions, we have that (ν/σR)
N ∝ D(z)−2N and ξ(N)R ∝ D(z)N , since in the
N -point function each δR comes along with a D(z) factor, independently on the Gaussian
or non-Gaussian origin of such N -point connected correlation function. Therefore going to
higher redshift boosts the non-Gaussian signal with respect to its magnitude at redshift z = 0,
even if we don’t expand the exponential in equations (3.6) and (3.8).
In the limit of purely Gaussian initial conditions, where ξ
(N≥3)
R ≡ 0 hence F (x1,x2,x3) =
1, the two- [76–78] and three-point [74] functions of excursion regions becomes
ξGhalo(r) = exp
[
ν2
σ2R
ξ
(2)
R (r)
]
− 1,
ΞGhalo(x1,x2,x3) =
∏
i<j
ξGhalo(xi,xj) +
[
ξGhalo(x1,x2)ξ
G
halo(x2,x3) + (2 perms.)
] . (3.9)
The above equations are typically expanded in the limit of high-density peaks (ν  1) and
large separation between halos (large scale limit, r  R, where ξ(N)R  1). In this limit, we
expect δR to be small, therefore we can identify it as a small parameter in which the expansion
is done and we can roughly estimate the N -point correlation functions as ξ
(N)
R ∼ O(δNR ). We
choose to expand equations (3.9) up to second order, to check that higher order corrections
do not contaminate the non-Gaussian signal we are interested in. In particular for the two-
and three-point point correlation functions we obtain
ξGhalo(r) ≈ b2Lξ(2)R (r) +
b4L
2
[
ξ
(2)
R (r)
]2
,
ΞGhalo(x1,x2,x3) ≈ b4L
[
ξ
(2)
R (x1,x2)ξ
(2)
R (x2,x3) + (2 perms.)
]
+ b6Lξ
(2)
R (x1,x2)ξ
(2)
R (x2,x3)ξ
(2)
R (x1,x3)
+
b6L
2
[
ξ
(2)
R (x1,x2)
[
ξ
(2)
R (x2,x3)
]2
+ (2 perms.)
]
,
(3.10)
where bL(z) = ν(z)/σR(z) = ∆c(z)/σ
2
R(z) is the Lagrangian linear bias. As noted for the first
time by the authors of Ref. [74], even if initial conditions are perfectly Gaussian, the three-
point correlation function of excursion regions is non-zero and constitutes an unavoidable
background signal from which the true primordial non-Gaussian signal has to be extracted.
We further analyse the form of the Gaussian part in section 4.2, however we stress that it is
not unexpected for the filtering procedure to introduce some feature in correlations functions
of all orders, since the smoothing procedure is highly nonlocal and nonlinear. We refer the
interested reader to Ref. [79], where the authors investigate the effects of the smoothing
procedure on dark matter halos bias.
– 7 –
On the other hand, for non-Gaussian initial conditions, other terms appear in the above
Taylor expansion. By expanding up to N = 4 order to include the four-point correlation func-
tion contribution, we have that the non-Gaussian part of the two- and three-point functions
read as [80, 81]
ξNGhalo(r) ≈ ξGhalo(r) + b3Lξ(3)R (x1,x1,x2) + b4L
[
ξ
(4)
R (x1,x1,x1,x2)
3
+
ξ
(4)
R (x1,x1,x2,x2)
4
]
+ b5Lξ
(2)
R (x1,x2)ξ
(3)
R (x1,x1,x2),
(3.11)
ΞNGhalo(x1,x2,x3) ≈ ΞGhalo(x1,x2,x3) + b3Lξ(3)R (x1,x2,x3)
+ b4L
[
ξ
(4)
R (x1,x1,x2,x3)
2
+
ξ
(4)
R (x1,x2,x2,x3)
2
+
ξ
(4)
R (x1,x2,x3,x3)
2
]
+ b5Lξ
(3)
R (x1,x2,x3)
∑
i<j
ξ
(2)
R (xi,xj),
(3.12)
where in the last lines of equations (3.11) and (3.12) we report also the first Gaussian/non-
Gaussian mixed contribution, even if it is expected to be one order of magnitude lower in δR
than the trispectrum contribution. To leading order, the non-Gaussian correction to the
n-points functions of massive halos is a -truncated- sum of contributions of the three- and
four-point (primordial) functions, enhanced by powers (third and fourth powers respectively)
of bias, bL. Notice that so far these results are very generic, in fact the equations above do not
assume any specific origin of the three- and four-point correlation functions and constitute
the starting point of our analysis.
The validity of the approach described above has been repeatedly tested against nu-
merical simulations with Gaussian and non-Gaussian initial conditions, finding that theory
agrees with simulations. In particular, on large enough scales, we have that bNL ξ
(N)
R is small
and the series expansion does not have convergence issues. The interested reader can check
e.g., Refs. [82–88].
4 Graviton Exchange Signal in Large Scale Structure
The trispectrum generated by GE was derived in detail in Ref. [40]. Very recently Baumann
and collaborators [39] re-derived the GE-induced higher order correlations in a more gen-
eral context. We leave the analysis of their findings to future work and consider here the
GE trispectrum of Ref. [40]. In principle there are two distinct ways to measure the GE
contribution in large scale structure data.
The first one is to look for it directly in the trispectrum of the dark matter or low-to-
moderate biased tracers of it. In this case, as pointed out by Ref. [40] some configurations
are particularly interesting and well suited since the size of non-Gaussianity is amplified.
These configurations are associated to the so-called counter-collinear limit, where the sum
of two momenta goes to zero (e.g., when k12  k1 ≈ k2, k3 ≈ k4). We show in figure 1 the
two possible (dual) configurations, called kite, if the momenta summing up to zero are on
opposite sides of the parallelogram, and folded kite, if the momenta summing up to zero are
on contiguous side of the parallelogram. In these configurations, where all momenta are finite,
the GE contribution diverges (e.g., scaling as k−312 ) opening the possibility for amplifying the
signal.
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k2 k3
k1 k4
k2 k3
k1 k4
Figure 1: Kite (left panel) and folded kite (right panel) diagrams. In the left diagram
we have k13  k1 ∼ k3, k2 ∼ k4, while in the right one we have k12  k1 ∼ k2, k3 ∼ k4.
Diagrams have been drawn with TikZ-Feynman [89].
A direct measurement of the primordial trispectrum has been done at the CMB level in
Refs. [12–14, 90–93]. However doing so from large-scale structure surveys may be challenging
because of the number of trispectrum modes involved and the low-signal to noise per mode;
for this reason very few attempt have been done so far [94].
In this section we consider the alternative approach of looking at the effect of the GE
trispectrum contribution in the halo two- and three-point functions. The trispectrum due to
a graviton exchange is given by [40]
〈ζk1ζk2ζk3ζk4〉GE = (2pi)3δ(k1234)
(
H2?
4
)3
r/4∏
j k
3
j
×
×
[
k21k
2
3
k312
[
1− (kˆ1 · kˆ12)2
] [
1− (kˆ3 · kˆ12)2
]
cos 2χ12,34 · (I1234 + I3412)+
+
k21k
2
2
k313
[
1− (kˆ1 · kˆ13)2
] [
1− (kˆ2 · kˆ13)2
]
cos 2χ13,24 · (I1324 + I2413)+
+
k21k
2
2
k314
[
1− (kˆ1 · kˆ14)2
] [
1− (kˆ2 · kˆ14)2
]
cos 2χ14,23 · (I1423 + I2314)
]
,
(4.1)
where cosχij,kl = (kˆi× kˆj) · (kˆk × kˆl) is the angle between the two planes formed by {ki,kj}
and {kk,kl},
I1234 + I3412 = k1 + k2
a234
[
1
2
(a34 + k12)(a
2
34 − 2b34) + k212(k3 + k4)
]
+ (1, 2↔ 3, 4)
+
k1k2
kt
[
b34
a34
− k12 + k12
a12
(
k3k4 − k12 b34
a34
)(
1
kt
+
1
a12
)]
+ (1, 2↔ 3, 4)
− k12
a12a34kt
[
b12b34 + 2k
2
12kp
(
1
k2t
+
1
a12a34
+
k12
kta12a34
)]
,
(4.2)
aij = ki + kj + kij , bij = (ki + kj)kij , kt =
∑4
j=1 kj and kp =
∏4
j=1 kj
5.
5Note that scalar and vector products in the above equation can be uniquely computed using spherical
coordinates as
kˆi · kˆj = sin θi sin θj cos(φi − φj) + cos θi cos θj ,
kˆi × kˆj = (sin θi sinφi cos θj − cos θi sin θj sinφj) kˆx
+ (cos θi sin θj cosφj − sin θi cosφi cos θj) kˆy
+ sin θi sin θj sin(φj − φi)kˆz.
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In principle there are a multitude of late-time, non-primordial effects that should be
taken into account when measuring non-Gaussianity in large scale structure. Here, we are
interested in estimating only the size of specific effects, and we refer the interested reader
e.g., to Ref. [95] for a comprehensive analysis.
In this work we use the public Cubature6 package to compute the multidimensional
integrals. Notice that in doing the integrals, besides the obvious singularity when one of the
momenta goes to zero that the package can easily deal with, there is another singularity, i.e.,
the counter-collinear limit, when the sum of two momenta goes to zero. Since the region where
this happens has some non-trivial shape, we decided to regularize the integrand close to the
singularity by multiplying each term (lines two, three and four) in equation (4.1) by e−khor/kij ,
where khor is a mode entering the horizon at late time and kij is the respective momentum
at the denominator. The physical interpretation of such regularization is straightforward:
we cannot probe wave numbers smaller than those that are crossing the horizon today,
since smaller wave numbers appear as an uniform background. In doing so we are removing
extremely folded configurations (that might be related to “gauge-invariance” considerations).
On the one hand our regularisation method artificially suppresses modes k . khor, on the
other hand we explicitly checked that this procedure does not introduce any significant bias in
the magnitude of the GE contribution when k  khor. We choose khor = 10−6 Mpc−1, much
less than ktodayhor ∼ O(10−4) Mpc−1, in order not to affect the modes that are of cosmological
interest. This phenomenological procedure represents a first attempt to tackle the long-
standing problem of a correct treatment of super-horizon modes. The improvement of this
method is left for future work.
The GE contribution was derived in the context of standard single-field slow-roll infla-
tion, namely using standard kinetic term, no modified gravity, Bunch-Davies vacuum and
others [40]. However, in order to help the readers to compare these contributions to other
bispectrum templates they may be familiar with, we include in the figures of the following sec-
tions also the bispectrum templates of appendix A, which arise when different assumptions are
taken. We choose as reference values for non-Gaussianity parameters r = 0.1 (maximum value
allowed by current CMB data [7]),  = r/16 = 0.00625 and |f ζNL| = (1 − ns)/12 = 0.00279.
It should be noticed that Cosmic Microwave Background data currently allow higher values
of |f ζNL| ∼ O(1− 10), depending on the bispectrum template, see e.g., Ref. [13]. However, in
the cases we are interested in, r and f ζNL act only as an overall amplitude rescaling factor,
therefore the reader can simply shift vertically the lines to match with the desired value of
such parameters.
4.1 Signal in the Halo Power Spectrum
To compute the halo power spectrum, in the equations below we take the Fourier transform
(FT {·}) of equation (3.11),
PNGhalo(k, z) ≈ PGhalo(k, z) +B112(k, z) + T1112(k, z) + T1122(k, z) +M12−112(k, z), (4.3)
where we recognise the Gaussian halo power spectrum,
PGhalo(k, z) ≈ b2L(z)PR(k, z) +
b4L(z)
2
∫
d3q
(2pi)3
PR(q, z)PR(|k− q|, z), (4.4)
6The package has be written by Steven G. Johnson and can be found in GitHub
https://github.com/stevengj/cubature.
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the purely non-Gaussian contributions,
B112(k, z) = b
3
L(z)FT
{
ξ
(3)
R (x1,x1,x2)
}
=
= b3L(z)
∫
d3q
(2pi)3
MR(q, z)MR(|k− q|, z)MR(k, z)Bζ(q,k− q,−k),
T1112(k, z) =
b4L(z)
3
FT
{
ξ
(4)
R (x1,x1,x1,x2)
}
=
=
b4L(z)
3
∫
d3q1
(2pi)3
d3q2
(2pi)3
MR(q1, z)MR(q2, z)MR(|k− q12|, z)MR(k, z)×
× Tζ(q1,q2,k− q12,−k),
T1122(k, z) =
b4L(z)
4
FT
{
ξ
(4)
R (x1,x1,x2,x2)
}
=
=
b4L(z)
4
∫
d3q1
(2pi)3
d3q2
(2pi)3
MR(|k− q1|, z)MR(q1, z)MR(q2, z)MR(|k+ q2|, z)×
× Tζ(k− q1,q1,q2,−k− q2),
(4.5)
and the mixed contribution
M12−112(k, z) = b5L(z)FT
{
ξ
(2)
R (x1,x2)ξ
(3)
R (x1,x1,x2)
}
= b5L(z)
∫
d3q1
(2pi)3
d3q2
(2pi)3
PR(|k− q12|, z)BR(q1, q2, q12, z).
(4.6)
In the context of quadratic and cubic models of local non-Gaussianities of equations (2.4)
and (2.6), the three- and the four-points contribution has already been evaluated by Refs. [96,
97], respectively. We compute the GE contribution following the same procedure, by substi-
tuting equation (4.1) into the four-point correlation function on the RHS of equation (4.3).
Since we are interested only in primordial features, we report in figure 2 the ratio between
the primordial non-Gaussian contributions of equation (4.3) and the Gaussian halo power
spectrum at different redshift, to compare the relative strength of the signals coming from
Gaussian and non-Gaussian processes and the relative strength of the bispectrum and trispec-
trum terms.
Notice that from an operational point of view, the GE signal should be extracted from
the total halo power spectrum by subtracting the bispectrum contribution, which in this
case acts as an additional source of “noise”. As we explained in section 2, there is an
ongoing debate in the literature on the correct form of the bispectrum in the local case,
therefore we report both possibilities. Following Cabass [69], we multiply the (1− ns) factor
in equation (2.3) by an additional factor (klongest/kshortest)
2, where klongest and kshortest are the
longest and shortest modes of the considered triangle. We are aware that the GE contribution
has not been computed under different assumptions, for example the conditions that give rise
to different bispectra shapes such as non Bunch-Davies vacuum states. However the authors
of Ref. [40] indicate that their results can be extended to more general conditions. Here, for
helping the reader to compare these contributions to other bispectra they may be familiar
with, we have included also the bispectrum templates, B, defined in equations (A.1), (A.2)
and (A.3), which have already been studied in the halo power spectrum context for instance
in Refs. [98, 99]. As it can be seen in figure 2, depending on the specific model and magnitude
of primordial non-Gaussianities, the GE contribution is comparable to or even larger than
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Figure 2: Ratio between different primordial non-Gaussian contribution (bispectra and
GE trispectrum) and the Gaussian halo power spectrum at redshift z = 0 (left panel) and
z = 2 (right panel) for Mhalo = 10
12 M dark matter halos. For the Maldacena and Cabass
bispectra, indicated by B112, we use  = 0.00625, while for the Equilateral, Folded and
Orthogonal templates, indicated by B112, we use fNL = 0.00279. In the case of the templates,
a different value of fNL would simply rescale vertically the lines. For the GE contribution we
use r = 0.1 and khor = 10
−6 Mpc−1. Also in this case different values of r simply rescales
vertically the GE contribution.
the primordial bispectrum signal at the largest scales. By comparing the two panels, we also
notice that the importance of the GE increases with redshift.
Although a detailed signal-to-noise and survey forecast calculation is well beyond the
scope of this paper, figure 2 indicates that the GE contribution can be singled out and
extracted from the measured halo power spectrum thanks to the different scale dependence
of the terms in equation (4.3). In particular, at large scales, we have that
BCabass112 /P
G
halo, BEquilateral112 /PGhalo ∝ k0(1 + z)
g(0)
g(z)
,
BOrthogonal112 /PGhalo, BFolded112 /PGhalo ∝ k−1(1 + z)
g(0)
g(z)
,
BMaldacena112 /P
G
halo ∝ k−2(1 + z)
g(0)
g(z)
,
(4.7)
while the two trispectrum contributions scale as
T1112/P
G
halo ∝ k−2
[
(1 + z)
g(0)
g(z)
]2
,
T1122/P
G
halo ∝ k−4
[
(1 + z)
g(0)
g(z)
]2
.
(4.8)
We have checked that for all the cases of interest, that is bias of order few, the second
term in equation (4.4) is subdominant with respect to the first one that scales as D−2,
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therefore in equations (4.7) and (4.8) only the dominant term matters. Notice also that
in equation (4.8) the term T1122(k) dominates over the T1112(k) term at large scales and it
has a scale dependence different from any other common bispectrum template. Other terms
of the trispectrum could have the same scale dependence, e.g., the terms in the third line
of equation (2.5), as found in Ref. [97], however these terms are second order in slow-roll
parameters, therefore they are suppressed approximately by a factor O() with respect to
the GE contribution. Furthermore we note that the first order correction to the Gaussian
halo power spectra in equation (4.4) and the Gaussian/non-Gaussian mixed contribution of
equation (4.6) become scale-independent at large scales, namely when taking the k → 0 limit.
This further highlights the fact that the GE scale dependence is quite unique, offering an
opportunity to separate it from other signals. Moreover, as can be seen in equations (4.7)
and (4.8), the bispectrum contribution scales with redshift approximately as (1 + z) while
for the trispectrum contribution the scaling is proportional to (1 + z)2; hence going to high
redshift further helps the GE term to dominate over the bispectrum contributions, as can be
explicitly seen in figure 2.
In conclusion, looking for this specific scale dependence at high redshift is a possible
way to extract this specific signal from the halo power spectrum, providing an alternative
way to determine the energy scale of inflation.
4.2 Signal in the Halo Bispectrum
The Fourier transform of the Gaussian part of equation (3.10) reads as
BGhalo(k1, k2, k3, z) ≈b4L(z) [PR(k1, z)PR(k2, z) + (2 perms.)]
+b6L(z)
∫
d3q
(2pi)3
PR(|k1 − q|, z)PR(|k2 − q|, z)PR(q, z)
+
b6L(z)
2
[
PR(k1, z)
∫
d3q
(2pi)3
PR(|k2 − q|, z)PR(q, z) + (2 perms.)
]
.
(4.9)
Even if the initial conditions are perfectly Gaussian, we have a well-defined bispectrum of
excursion regions. To compute the GE contribution to the halo bispectrum we take the
Fourier transform of equation (3.12), obtaining
BNGhalo(k1, k2, k3, z) ≈ BGhalo(k1, k2, k3, z) +B123(k1, k2, k3, z)
+ T1123(k1, k2, k3, z) + T1223(k1, k2, k3, z) + T1233(k1, k2, k3, z)
+M12−123(k1, k2, k3, z) +M23−123(k1, k2, k3, z) +M13−123(k1, k2, k3, z),
(4.10)
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where we recognise the non-Gaussian contributions,
B123(k1, k2, k3, z) = b
3
L(z)FT
{
ξ
(3)
R (x1,x2,x3)
}
≡ b3L(z)BR(k1, k2, k3)
= b3L(z)MR(k1, z)MR(k2, z)MR(k3, z)Bζ(k1, k2, k3),
T1123(k1, k2, k3, z) =
b4L(z)
2
FT
{
ξ
(4)
R (x1,x1,x2,x3)
}
=
b4L(z)
2
∫
d3q
(2pi)3
MR(q, z)MR(|k1 − q|, z)MR(k2, z)MR(k3, z)×
× Tζ(q,k1 − q,k2,k3),
T1223(k1, k2, k3, z) =
b4L(z)
2
FT
{
ξ
(4)
R (x1,x2,x2,x3)
}
=
b4L(z)
2
∫
d3q
(2pi)3
MR(k1, z)MR(|k2 − q|, z)MR(q, z)MR(k3, z)×
× Tζ(k1,k2 − q,q,k3),
T1233(k1, k2, k3, z) =
b4L(z)
2
FT
{
ξ
(4)
R (x1,x2,x3,x3)
}
=
b4L(z)
2
∫
d3q
(2pi)3
MR(k1, z)MR(k2, z)MR(q, z)MR(|k3 − q|, z)×
× Tζ(k1,k2,q,k3 − q),
(4.11)
and the mixed contributions,
M12−123 +M23−123 +M13−123 = b5L(z)
∫
d3q
(2pi)3
PR(q, z)
[
BR(|k1 − q|, |k2 + q|, k12, z) +
+BR(k1, |k2 − q|, |k12 − q|, z)+
+BR(|k1 − q|, k2, |k12 − q|, z)
]
.
(4.12)
We compute the GE contribution following the same methodology described in the pre-
vious section, namely we substitute equation (4.1) into the four-point correlation function on
the RHS of equation (4.10). As before, since we are interested only in primordial features,
we report in figure 3 the ratio between the primordial non-Gaussian contributions of equa-
tion (4.10) and the Gaussian halo power spectrum. This allows us to compare the relative
strength of the signals coming from Gaussian and non-Gaussian processes and the relative
strength of the primordial bispectrum and trispectrum terms.
In the three panels of figure 3, since the exploration of every possible triangular config-
uration goes beyond the purpose of this work, we choose to explore just three representative
triangular configuration, namely the equilateral (k1 = k2 = k3), squeezed (k1 = k2 ≈ 10k3)
and folded (k1 = k2 ≈ k3/2) configurations. Also in this case we include, for comparison,
different primordial bispectrum templates (see figure caption for the choice of normalisation).
As seen also in section 4.1, at large scales, in the case there is no primordial non-Gaussianity
of any sort down to the “gravitational floor”, the GE contribution easily dominates over the
one arising from reasonably expected primordial non-Gaussian bispectrum. It is interesting
to note that, at scales around k ∼ 10−3 Mpc−1, the trispectrum contribution to the halo
bispectrum in the squeezed and equilateral configurations becomes of the same order of the
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Figure 3: Ratio between different primordial bispectra and GE trispectrum contribution
with respect to the Gaussian halo bispectrum for squeezed (top left panel), equilateral (top
right panel) and folded (bottom panel) triangular shapes at redshift z = 0 for Mhalo =
1012 M dark matter halos. We use  = 0.00625 for Maldacena and Cabass bispectra,
indicated by B123, and fNL = 0.00279 for the Equilateral, Folded and Orthogonal templates,
indicated by B123. For the GE contribution we use r = 0.1 and khor = 10−6 Mpc−1. Different
values of fNL and r correspond to vertically scaling the Equilateral, Folded, Orthogonal
templates and GE contribution, respectively.
intrinsic halo bispectrum for an initial Gaussian field. In the three panels we can identify the
following scale and redshift scalings:
B123/B
G
halo, B123/BGhalo ∝ k−2
g(z)
g(0)(1 + z)
, (4.13)
which is valid for all models and templates except for those that vanish in specific triangular
configurations, e.g., the Equilateral template in squeezed triangular configurations. On the
other hand the trispectrum contributions scales as
T1123+1223+1233/B
G
halo ∝ k−6, (4.14)
independently from redshift, in contrast to the signal coming from primordial bispectra,
which is suppressed approximately by a factor (1 + z) going to higher redshift. We do not
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report the magnitude of primordial bispectra signals in figure 3 for redshift z > 0, however
the interested reader can simply divide the chosen model by the appropriate redshift factor,
while keeping fixed the GE contribution, to get them. Since going to higher redshift shifts the
primordial bispectra signal downward, the GE contribution will become even more dominant.
Finally, we note that also in this case in all the configurations considered, Gaussian
halo bispectrum corrections in equation (4.9) are scale-independent. On the other hand the
mixed Gaussian/non-Gaussian term appearing in equation (4.12) exhibits a potential scale
dependence when taking the limit k1, k2 → 0. We report in figure 4 the magnitude of this
contribution relative to the Gaussian halo bispectrum at redshift z = 0. As it can be seen
from the figure, for our choice of parameters, the magnitude of this contribution is typically
smaller than GE one, however, since this ratio grows approximately as (1+z) with redshift, it
might dominate over the GE signal at high redshift, depending on the real value of r and f ζNL.
Nevertheless its scale dependence is completely different from the characteristic one of the
GE, therefore we still have some way to identify the signal we are interested in.
10−3 10−2 10−1
k
[
Mpc−1
]
10−7
10−6
10−5
10−4
10−3
10−2 ∣∣∣M12−123+M23−123+M13−123BGhalo ∣∣∣
Squeezed Shape, k = k1 = k2 ≈ 10k3
10−4 10−3 10−2 10−1
k
[
Mpc−1
]
10−6
10−4
10−2
100 ∣∣∣M12−123+M23−123+M13−123BGhalo ∣∣∣
Equilateral Shape, k = k1 = k2 = k3
10−4 10−3 10−2 10−1
k
[
Mpc−1
]
10−6
10−4
10−2
∣∣∣M12−123+M23−123+M13−123BGhalo ∣∣∣
Folded Shape, k = k1 = k2 ≈ k3/2
MMaldacena MCabass MEquilateral MFolded MOrthogonal
Figure 4: Ratio between different Gaussian/non-Gaussian mixed terms with respect to
the Gaussian halo bispectrum for squeezed (top left panel), equilateral (top right panel)
and folded (bottom panel) triangular shapes at redshift z = 0 for Mhalo = 10
12 M dark
matter halos. We use  = 0.00625 when Maldacena and Cabass bispectra appear in M ,
and fNL = 0.00279 when the Equilateral, Folded and Orthogonal templates appear in the
mixed term. Different values of fNL correspond to vertically scaling the Equilateral, Folded,
Orthogonal templates.
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5 Conclusions
Determining the underlying physics of inflation is one of the big goals of Cosmology. A
first step necessary to accomplish such a goal is determining the inflationary energy scale.
In simple single-field slow-roll scenarios, the energy scale of inflation is proportional to the
tensor-to-scalar ratio r or, equivalently, to the first slow-roll parameter . Several cosmological
observables have been proposed to measure the value of r, such as B-mode polarization and
direct interferometric measurements of gravitational wave stochastic backgrounds. In this
work we explore a third avenue, the study of non-Gaussianities.
Non-Gaussianities are unavoidably produced during inflation and they constitute on
their own a probe of the inflationary physics. Their importance as window into the self-
interaction of the field during inflation is known (see e.g., Ref. [100] and references therein).
In this work we focused on the so-called graviton exchange, in particular on the specific non-
Gaussianity generated by the interaction of scalar and tensor fluctuations at the horizon scale
during the epoch of inflation. One of the peculiarities of this contribution to the four-point
function is that it is suppressed only by one power of the slow-roll parameter. It becomes
therefore interesting to entertain the idea that the GE contribution to the trispectrum could
be relevant for future large-scale galaxy surveys. Moreover, this avenue is worth exploring as
the signal contains configurations that cannot be “gauged” away. This is not surprising as
the graviton exchange is a real quantum effect and not an artefact due to local effects.
We know from CMB observations that non-Gaussianities are small, in fact we have only
upper bounds [12–14]. Here we proposed to look at the n-point function of gravitationally
collapsed structures to further boost the signal coming from the primordial universe. In
particular, we computed the contribution of the graviton exchange to the two- and three-
point function of massive dark matter halos. We have shown that at large scales (k ∼
10−4 − 10−3 Mpc−1) the contribution due to graviton exchange to the power spectrum of
rare peaks is comparable to, if not dominant over, the one generated by the primordial
three-point function expected from generic inflationary models (e.g., Maldacena and Cabass
bispectrum). We have also shown that this contribution has a particular scale dependence and
that it scales with increasing redshift faster than the three-point function contribution. Once
going to high redshift favours the GE contributions compared to other non-Gaussian signals.
The same can be said to the GE contribution to the three-point function of dark matter halos
for specifics configurations. This analytical approach to the clustering of peaks is of course
an approximation to the clustering of realistic halos. While in detail the bias modelling for
realistic halos may be much more complex than adopted here, the good agreement between
simulations and the predictions obtained with this approach (see e.g., Refs. [82–88]) offers
strong support that our initial investigation captures the behaviour of the signal both as a
function of scale and redshift.
The effects produced by the GE contribution are significant at large scales, which are
notoriously cosmic variance dominated. Since the signal depends on the tracer bias, the
multi-tracer approach can be used beat down cosmic variance [101, 102]. These results open
an observational window, yet unexplored, but with the potential to help us understand and
verify the physics of inflation. This new avenue is highly complementary to direct or indirect
(via CMB polarization) detection of primordial gravitational waves. We leave for future work
a thorough computation of the observational configurations that have the largest signal-to-
noise.
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A Bispectrum Templates
In general, the functional form of the primordial bispectrum is complicated and unsuitable
for visualisation and data analysis. For this reason bispectrum templates have been con-
structed that are useful to approximate the physical bispectrum and are suitable for data
analysis. There is no shortage of inflationary models where non-Gaussianities peak in config-
urations different from the squeezed one. In fact, if any of the conditions giving the standard,
single-field, slow-roll is violated, important non-Gaussian signatures will be produced, and in
particular the violation of each condition leaves its signature on specifics triangular config-
urations, see e.g., Ref. [100] and [103] and Refs. therein. These types of non-Gaussianities,
as shown in Ref. [104], are generically well described by a linear combination of three ba-
sic bispectrum templates. The widely known and used templates are the so-called, local,
equilateral, folded and orthogonal. Of these four templates, only three are independent, the
fourth can obtained as a linear combination of the other tree see e.g., Refs. [87, 88, 104].
For example the local template is not independent from the other three templates, in fact it
can be described as a linear combination of them. Here below we report the most studied
templates and in the main text we use them to check whether there is any particular shape
that could contaminate the GE signal we are interested in.
The equilateral template [105]
BEquilateralζ (k1,k2,k3) = 6f ζNL
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2
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, (A.1)
is used to model non-Gaussianities arising from e.g., inflaton Lagrangians with non-canonical
kinetic terms; in this case the bispectrum is peaked on equilateral shapes.
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The folded template [106–109]
BFoldedζ (k1,k2,k3) = 6f ζNL
(
H2?
4
)2 ∑ k3j∏
k3j
[
1 +
3kp −
∑
i 6=j k
2
i kj∑
k3j
]
, (A.2)
is used to model non-gaussianities arising from different assumption on the initial vacuum
state.
The orthogonal template [104]
BOrthogonalζ (k1,k2,k3) = 6f ζNL
(
H2?
4
)2 ∑ k3j∏
k3j
[
−3 + 3
∑
i 6=j k
2
i kj − 8kp∑
k3j
]
, (A.3)
where kp =
∏3
j=1 kj is the product of the three momenta, has been built to be orthogonal to
the equilateral one.
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